SUMMARY A male adult with exercise-related myalgia and weakness from the age of 17 years, developed contractions after moderate exertion which were electrically silent. Triglyceride loading or prolonged fasting provoked excessive ketosis. His isolated muscle mitochondria had severe blockade of the respiratory chain, particularly of NADH-CoQ reductase. After 15 years a second biopsy was performed. The electron transport capacity of the respiratory chain was much improved, but now a lesion was observed in energy transduction of sites 1 and 2 of the respiratory chain. The unexpected abolishment of respiratory chain blockade was paralleled by only mild clinical improvement.
Metabolic myopathies are now recognised to be caused by a variety of enzymatic disorders which disturb cellular metabolism. Enzyme deficiencies are found in all parts of the cell. Since the discovery of muscular phosphorylase deficiency and of acid maltase deficiency, a cytosolic and a lysosomal defect respectively, a number of other enzymopathies have been detected.' In the last decade the diseased mitochondrion has been found to be the cause of myopathies or of systemic diseases also affecting the muscular system.'-' Many patients have been reported with respiratory chain defects. Those parts of the respiratory chain involved in energy transduction (NADH-CoQ reductase, cytochrome bc,, and cytochrome aa3), are often found to be functionally disturbed. In most patients the transport of reducing equivalents was found to be lowered, while the ATP production, that is proton pumping and ATP synthetase, were not impaired.
We describe a patient with transient electron transport defects in the respiratory chain of skeletal muscle mitochondria, who in a second biopsy specimen was found to have a relatively normal electron transport capacity, but a defect in energy transduction at NADH-CoQ reductase and cytochrome bcl.
Case report
This 19-year-old male student was admitted in July 1981 with a chief complaint of muscle aching and weakness related to prolonged exercise. He was well until the age of 17, when during canoeing he first noticed pain, weakness and muscle cramps in the forearm muscles sufficient to prevent him from going on. He also observed weakness and muscle pain of his thigh muscles on cross country skiing. His 36 h fasting caused a much higher level of ketone bod-shape with regularly arranged cristae (second biopsy).
ies in the patient than in controls. " A test for urinary ketone bodies was positive after 24 h fasting. After Biochemical studies in vitro 36 h, blood pH was 7-36, the base excess -7-3 and the Table 1 shows the amount of total carnitine, the activ-PCO2 30-4 mm Hg. The prolonged exercise test ities of cytosolic and mitochondrial enzymes in the showed a higher increase of FFA than in controls. two biopsies, which were all in the normal range. Also The increase of lactate was like in controls. The other the electron transport capacity of the cytochrome data obtained by the tests were normal except for CK system as reflected by the activity of antimycinafter 36 h of fasting, which increased from 65 to sensitive succinate-cytochrome-c reductase and of 180 U/I. cytochrome-c-oxidase were normal. This is in sharp contrast with the polarographic measurement of the Muscle Morphology respiratory capacity of the isolated mitochondria with On light microscopy both muscle specimens appeared the various substrates, which was found to be completely normal. On enzyme histochemistry the markedly decreased, especially in the first preparafibre type distribution was within the normal limits. tion. The oxidation of pyruvate, glutamate, palCytochrome-c-oxidase staining was normal. The mitoylcarnitine, succinate and ascorbate were 7, 30, 8, Gomori trichome stain was not indicative of mito-34, and 32% of the average control rates. Surchondrial abnormalities. With oil-red-O and PAS prisingly, in the second biopsy specimen the velocities stains no abnormal increase in glycogen or lipid drop-were much higher. The respective percentages were lets was seen. On electronmicroscopy no changes were now 57, 66, 46, 57, and 71 of control (table 2). The noted. The mitochondria were normal in size and oxidative phosphorylation in the first preparation was The P/O ratios were corrected for glucose--phosphate formation before the addition of ADP. The theoretical ratios are calculated on the assumption that one high energy bond is formed per energy transducing site of the respiratory chain. The highest theoretical P/O with paliitoylcarnitine is based upon complete oxidation to CO and the lowest upon oxidation to acetylcarnitine. The P/O ratios in the first preparation were unreliably higA since they were not corrected for mitochondrial adenine nucleotides. (table 3) . Recently we changed our measurement of P/O ratio, since we found too high ratios, especially when the oxygen consumption was low. After the correction for mitochondrial adenine nucleotides the P/O ratios were more reliable, and lower than the calculated ratios. In the mitochondria from the second biopsy the P/O ratio with ascorbate was found to be identical to the average control value. In contrast to the controls, we found that the P/O ratios with succinate, palmitoylcarnitine and ascorbate were the same. This implies that there was no ATP production during electron transport catalysed by NADH-CoQ reductase and CoQ-cytochrome-c-reductase, while electron transport catalysed by cytochrome-c-oxidase was accompanied by a normal ATP production (table 4). We found this same abnormality in a girl and her brother (patients of Dr R Rodrigues Pereira, unpublished results). Table 5 shows that the cyanide- Table 6 The cytochrome content ofmuscle mitochondria (first biopsy only) The cytochrome content is given in nmol/mg protein.
insensitive palmitate oxidation, residing in the peroxysomes, was lowered in the patient, while the mitochondrial beta-oxidation measured in the presence of carnitine, was normal. This implies normal functioning of the mitochondrial beta-oxidation enzymes and of intramitochondrial coenzyme A and NAD+. The mitochondrial ATP synthetase, measured as Mg2 +-ATPase was normally latent, and stimulated by uncoupler. The latent activity was substantially lowered by the addition of albumin, possibly indicating the presence of fatty acid derivates. The bulk of the uncoupler-stimulated activity was inhibited by oligomycin. The activity of glycerol-3-P dehydrogenase (FAD) was somewhat decreased compared with the controls, but normally activated by the addition of Ca2 , indicating the absence of calcium overload in the second preparation. The activity of succinate dehydrogenase was normal in the first preparation. In the second preparation the integrity of the mitochondrial inner membrane was measured by the detergent stimulation of malonyl-CoA decarboxylase, a matrix enzyme which is not able to decarboxylate added malonyl-CoA when the inner membrane is intact. Only 3% of the mitochondria were found to be damaged.
In the first preparation we were able to study the concentration of cytochromes. Cytochrome b, aa3, and c, were lowered to 40, 63, and 76% respectively, on protein basis. The observed decrease in cytochrome aa3 agrees very well with the activity of cytochrome-c-oxidase, which was found to be 69% of control. Since the activity of cytochrome-c-oxidase was normal in the second preparation, it can be concluded that the concentration of cytochrome aa3 had returned to normal.
Discussion
Problems in mitochondrial energy supply are encountered in an increasing number of patients with myopathies and multisystem diseases. Although the clinical picture varies considerably, muscular weakness and exercise intolerance are striking features. This is also the case in the patient described in this communication.
The metabolic studies revealed an excessive increase of ketone bodies during a 38 h fasting period, compared with normal controls,14 while the exercise study showed a relative increase in FFA levels during exercise. These observations can be explained by a normal fatty acid oxidation in liver, and a decreased consumption of both ketone bodies and fatty acids in muscle. The prominent finding in the mitochondrial preparation from the first biopsy was a reduction in respiratory capacity. Particularly, the oxidation rates with pyruvate and palmitoylcarnitine were very low, which is compatible with a lesion at an early level of the redox system, probably at the NADH-CoQ reductase level. The mitochondrial oxidation of U-'4C-palmitate with carnitine into '4CO2 and '4C-labelled perchloric acid-soluble intermediates was normal. We have encountered this in a number of other patients with NADH-CoQ reductase deficiency (for example ref 15). In the first mitochondrial preparation a decrease was found in cytochrome b and to a lesser extent in cytochrome aa3, but this finding cannot explain the very low rate of ascorbate oxidation. A possible explanation for this is that temporarily increased long-chain acyl-CoA in the mitochondrial matrix had inhibited the adenine nucleotide translocator. '6 -18 An indication of this is the decrease in the stimulation of the oxygen uptake rates by ADP (table 3) . The adenine nucleotide translocator inhibitor carboxyatractylate also causes this phenomenon. We think that in the patient's muscle mitochondria the primary defect in NADH oxidation caused an accumulation of long-chain acyl-CoA in the mitochondrial matrix. The patient had a sufficient amount of carnitine to sustain acyl-group transport into the matrix. That the presence of carnitine is essential is suggested by the fact that the oxidation of ascorbate is not much affected in patients with multiple acyl-CoA dehydrogenase deficiency, who were deficient in carnitine.13 19 An inhibition of the adenine nucleotide translocator can be verified by uncoupler-stimulation of ascorbate oxidation. Unfortunately this was not tried in the experiments with the first mitochondrial preparation, because we thought at that time that the observed decrease in mitochondrial respiratory capacity was caused by cytochrome-c-oxidase deficiency. 649 Later this was excluded by measurement of this activity in muscle homogenate (table 1) and of the cytochrome levels in the mitochondrial preparation (table 6) .
The second mitochondrial preparation showed an increased capacity of the respiratory chain, although the oxidation rates with the different substrates were lower than the control range. The activities of succinate-cytochrome-c-reductase and of cytochrome-c-oxidase in the homogenate were completely normal (table 1). The adenine nucleotide translocator functioned like in controls, as indicated by the modest uncoupler stimulation of ascorbate oxidation (table 2) , and by the normal ADP stimulation of the oxygen uptake rates (table 5) .
A completely unexpected finding in the second mitochondrial preparation was not only that the electron transfer capacity of the respiratory chain had increased, but also that the first two energy transducing sites of the respiratory chain were unable to produce ATP. Probably there is a defect in proton pumping by these complexes. Since coenzyme Q is the shuttle between these complexes, there may be an abnormality in this cofactor. This cannot be proven by the present data, since the control strength of coenzyme Q on mitochondrial oxidation is low.20 The in vitro absence of proton pumping at site 1 and 2 and the presence of electron transport, implies that the energy must be set free as heat. This apparently did not induce clinical hyperthermia in the patient during exercise possibly owing to intact temperature regulation in vitro.
Biochemical science has greatly advanced our understanding of normal mitochondrial metabolism, but it took lengthy extensive investigations by many expert groups to come at this stage of knowledge. We are only in the beginning of understanding pathological processes in mitochondria. The first reversible defect in cytochrome-c-oxidase has been described in a young child.2' In contrast to our adult patient who had ultrastructurally normal mitochondria, in the child's muscle some abnormal mitochondria were seen. The functional and partially reversible defect of our patient lies in the respiratory chain. It is conceivable that in the future more such patients will be discovered. Up to the present most multiple biopsied patients have shown permanent or even progressive mitochondrial defects.
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